Results
few as 11 amino acids of FeLV-A envelope variable region 1 (VR1) with amino acids contained in the VR1 of FeLV-C alters both the host range and receptor use of FeLV-A to that of FeLV-C and results in anemia in viremic cats (Rigby et al., 1992) . Thus, the genetic determinants of viral binding to feFLVCR and the impairment of erythroid differentiation map to VR1 of the FeLV-C envelope. Since feFLVCR expression is downregulated by intracellular envelope production in all infected BM cells (including BFU-E and CFU-GM; Abkowitz et al., 1987) , the specific loss of CFU-E implies that this transporter serves a cellular function uniquely required for CFU-E differentiation or survival (a conclusion that is further supported by studies in which normal feline progenitors infected in vitro with FeLV-C/Sarma have deficient erythroid, but preserved myeloid, differentiation [K.M.S. and J.L.A., unpublished data]).
Here, we demonstrate that FLVCR functions as an exporter of cytoplasmic heme and provide evidence of FLVCR's importance for human erythroid cell differentiation. 
Results

FLVCR Expression in Cells and Cell Lines
NRK cells mobilized peripheral blood (PB) CD34
ϩ stem/progenitor are resistant to FeLV-C infection, implying that the rocells and in hematopoietic cell lines with erythroid feadent ortholog of FLVCR is poorly expressed or does not tures (e.g., K562 and HEL-DR), but cell surface protein efficiently bind FeLV-C; however, once transduced with expression is absent in a more mature erythroid cell line, feFLVCR, the cells can be easily infected by FeLV-C HEL-R, with spontaneous hemoglobinization, which is Fe-hemin then placed in washout buffer, and the decrease in the cells' radioactivity was measured over Table 2 ).
The Expression of FLVCR on the Surface of CFU-E Is Higher Than on Other Hematopoietic Progenitor Cells
The specific loss of CFU-E in cats infected with FeLV-C suggests that the function of FLVCR as a heme exporter is uniquely important at this stage of erythropoiesis. We therefore examined the expression of FLVCR on CFU-E derived from mobilized human PB CD34 ϩ stem/progenitor cells. CD34 ϩ cells were incubated in stem cell factor (SCF), interleukin 3 (IL3), and IL6 for 48 hr, and then in an erythroid differentiation cocktail containing SCF, IL3, and erythropoietin for 72 hr. Next, cells were sorted by FACS (using ␣-FLVCR) into two populations, FLVCR hi , comprising the brightest 13%, and FLVCR lo , the bottom 77%, and the prevalence of erythroid and myeloid progenitors (BFU-E, CFU-E, and CFU-GM) was quantitated using methylcellulose assays. The FLVCR hi population contained 48.7% Ϯ 9.2% of all CFU-E present in the initial samples, an enrichment of CFU-E content of 3.8-fold, but as expected, BFU-E and CFU-GM were distributed proportionally across both subpopulations with average enrichments of 1.1-fold (n ϭ 4 experiments). A representative study is shown in Figure 4 .
FLVCR Cell Surface Expression Decreases as Erythropoiesis Proceeds
An extension of our hypothesis is that FLVCR expression might decrease as CFU-E differentiate and hemoglobinization proceeds. To investigate this possibility, the FLVCR cell surface expression of normal human BM to optimal transferrin receptor expression (Ponka, 1997) . The studies of K562 cells are also in accordance with Furthermore, erythroid differentiation is arrested upon the concept that FLVCR is required for erythroid differdisruption of the murine erythroid-specific 5-aminolevuentiation. Retroviral interference with FLVCR expression linate synthase gene (ALAS-2), the critical initial enzyme or specific antibody-mediated inhibition of FLVCR funcin erythroid intracellular heme synthesis (Nakajima et tion impairs both heme export and the subsequent heal., 1999). Thus, the results presented here, demonmoglobinization of these cells (Table 1) . Also, there is strating that FLVCR-mediated heme export is required increased apoptosis (Table 2 ). It is possible that heme during early erythroid development, may appear counexcess (e.g., through oxidative cell membrane damage) terintuitive. Heme, however, is also toxic, necessitating induces apoptosis and, in turn, the failure of erythroid redundant mechanisms to stringently control its intracelludifferentiation. Alternatively, heme excess might dysreglar concentration. Thus, we hypothesize that FLVCR funculate erythropoiesis (e.g., by prematurely initiating glotions as a cell membrane export channel (overflow bin translation) and cause apoptosis. valve), providing a safety mechanism that is uniquely The effects of FeLV-C viremia on feline erythropoiesis, important at the CFU-E stage of differentiation. where there is normal development of BFU-E but severe Regulation of intracellular heme levels differs markanemia due to a block of CFU-E and further erythroid edly between erythroid and nonerythroid cells. In hepamaturation, attest to the importance of FLVCR function tocytes, for example, the heme pool is regulated through in vivo. As the viral envelope interferes with the expresa combination of synthetic and degradative mechasion/function of its receptor ( Cells were pelleted, and total RNA isolated using Trizol (Invitrogen), as suggested by the manufacturer. Total RNA was reverse trandescribed previously (Quigley et al., 2000) . The cDNA encoding FLVCRL14q (I.M.A.G.E. clone 4866427) was inserted into MSCVneo, scribed using the SuperScript first-strand synthesis system (Invitrogen). Quantitative RT-PCR was performed using TaqMan chemand NRK/14q cells generated in a similar fashion. istry and the ABI PRISM 7700 sequence detection system (Applied Sorting of Mobilized Human PB CD34 ؉ Cells For sorting experiments, cells were thawed and differentiated as Biosystems). The results are expressed as copies ϫ 1000/50 ng above. At day ϩ3, cells were pelleted and resuspended at 5 ϫ total RNA. GADPH and ␤2-microglobulin were used for the internal 10 6 /ml in X-VIVO15 containing 1% BSA, and blocked with 1% donkey normalization of CD34 ϩ cell differentiation and cell line experiments, serum, then labeled either with ␣-FLVCR or with rabbit IgG, followed respectively. PCR primers and probes (available on request) were by R-PE-conjugated donkey anti-rabbit IgG. Cells were washed bedesigned using the Primer Express program (Applied Biosystems) tween incubations with X-VIVO15 and 1% BSA. Labeled cells were and synthesized at Integrated DNA Technologies, Inc. (Coralville, resuspended at 5 ϫ 10 6 /ml in X-VIVO15 and 1% BSA and sorted Iowa). All forward and reverse primer pairs span an intron. To confirm using FACSVantage SE (BD Biosciences). From a dot plot of live our RT-PCR results, Northern blot analyses were performed accells, the highest expressing 13% were sorted as FLVCR hi and a cording to standard protocols, using a 360 bp midsection fragment distinct population as FLVCR lo . The sorted subpopulations were of human FLVCR cDNA that does not crossreact with FLVCR parathen assayed for the prevalence of BFU-E, CFU-E, and CFU-GM logs in the human genome (Lipovich et al., 2002; Z.Y., J. G.Q., and progenitors using the methylcellulose culture assay described J.L.A., unpublished data).
increase (not shown), and hemoglobinization occurs (as measured by benzidine staining [B]) during this time. Initially there are high frequencies of CFU-GM (not shown) and BFU-E (C) but few CFU-E. The number of CFU-E increases throughout the study; however, their frequency remains constant due to an increase in the number of maturing erythroid cells (D). The FLVCR expression in this heterogeneous population of cells is initially high but decreases with erythroid differentiation (E-F). The results reflect the mean (ϮSD) of three independent experiments plus two additional studies observing days
above. 
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